Switching on ferromagnetic coupling by Mn/Sb antisite disorder in
  Mn(Bi$_{1-x}$Sb$_x$)$_4$Te$_{7}$: from electron-doped antiferromagnet to
  hole-doped ferrimagnet by Hu, Chaowei et al.
ar
X
iv
:2
00
8.
09
09
7v
1 
 [c
on
d-
ma
t.s
tr-
el]
  2
0 A
ug
 20
20
Switching on ferromagnetic coupling by Mn/Sb antisite disorder in Mn(Bi1−xSbx)4Te7:
from electron-doped antiferromagnet to hole-doped ferrimagnet
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We have systematically investigated the Sb-doping effect in the newly discovered Z2 AFM topo-
logical insulator MnBi4Te7 through the transport and thermodynamic measurements and mapped
out the doping-temperature phase diagram of Mn(Bi1−xSbx)4Te7 (x ≤ 0.83). The only Mn1 sub-
lattice in MnBi4Te7 undergoes a paramagnetic to antiferromagnetic phase transition at TN = 12.7
K. While TN remains almost unchanged with doping, an additional antiferromagnetic to ferro-
magnetic transition of the Mn1 sublattice occurs at lower temperature Tc which monotonically
increases and takes over TN at x = 0.68. Meanwhile, upon doping, the Mn/Sb antisite disorders
give rise to and strengthen the additional Mn2 and Mn3 sublattices. Despite no clear sign of the
Mn2/Mn3-sublattice ordering at low dopings, at x > 0.12, in concert with the antiferromagnetic
to ferromagnetic transition of the Mn1 sublattice, Mn2/Mn3 sublattices develop long-range order
which couples antiferromagnetically to the Mn1 sublattice, leading to a ferrimagnetic ground state
below Tc in this series. We argue the magnetic dilution and the ordering of the Mn2/Mn3 sublattices
are responsible for the ferromagnetic switching of the Mn1 sublattice.
Introduction Magnetic topological material provides a
great platform in discovering new topological states, such
as the axion insulators, the magnetic Weyl semimet-
als, the Chern insulators and the 3D quantum anoma-
lous Hall (QAH) insulators [1]. Emergent phenomena
including QAH effect and quantized magnetoelectric ef-
fect (QME) have been proposed or observed in these
phases, offering unprecedented technological opportuni-
ties to low-energy-consumption devices, quantum metrol-
ogy and quantum computing [2–4]. Recently, natural
heterostructural MnBi2nTe3n+1 (n = 1, 2, 3, 4, 5) series
are shown to be intrinsic magnetic topological insula-
tors (MTIs) with clean low-energy band structures [5–
32]. They are made of alternating n−1 quintuple-layered
(QL) blocks of [Bi2Te3] and one septuple layer (SL) of
[MnBi2Te4]. The great structural tunability and natu-
ral heterostructural nature of MnBi2nTe3n+1 have not
only paved an avenue to realize various topological phe-
nomena aforementioned [7, 8, 33], but also provided a
rare and unique material family with tunable magnetic
anisotropy and exchange interactions to study the inter-
play among magnetism, band topology, electron correla-
tions and crystal structure.
MnBi2Te4 is a Z2 AFM TI with A-type magnetic struc-
ture where spins antiferromagnetically couple along the c
axis and ferromagnetically align in the ab plane. Despite
that the bulk materials are heavily electron-doped, when
MnBi2Te4 samples are gated to charge neutrality point in
the 2D limit, zero-field and magnetic-field-induced QAH
effects are observed at 1.5 K and up to 6.5 K [20, 21],
respectively, which are orders larger than the previously
reported values in Cr0.15(Bi0.1Sb0.9)1.85Te3 thin film [34].
By reducing the interlayer coupling with increasing n
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and thus the interlayer Mn-Mn distance, MnBi2nTe3n+1
evolves from a Z2 AFM TI with saturation fields of 8 T
in MnBi2Te4 (n = 1) [9, 15, 35], 0.22 T in MnBi4Te7
(n = 2) [11] and 0.18 T in MnBi6Te10 (n = 3) [27], to a
FM axion TI in MnBi8Te13 (n = 4) [12], making these
high n members excellent candidates to show zero-field
QAH and QME. Indeed, zero-field QAH effect was re-
cently observed in a bulk crystal of MnBi10Te16 (n = 5)
at elevated temperatures [13].
However, n is a discrete tuning parameter which can-
not lead to continuous change of interlayer Mn-Mn cou-
pling and thus provides less insight in the rich competi-
tion between various ground states. Meanwhile, chemical
doping serves as a continuous tuning parameter. Com-
pared to the case of trivial magnetic metal, in small-gap
MTI MnBi2nTe3n+1, chemical doping may not only tune
their magnetism but also their band topology and car-
rier density. Profound effects of Sb doping has been ob-
served in Mn(Bi1−xSbx)2Te4 single crystals. Besides an
electron-carrier to hole-carrier change [18, 36], the series
evolve from AFM MnBi2Te4 to ferrimagnetic MnSb2Te4
[36–38]. This evolution suggests complicated doping
mechanism and defect chemistry in this series. Although
single crystal neutron scattering study on MnBi2Te4 in-
dicates Bi atoms substitute on Mn sites with no discern-
able Mn atoms on Bi sites [25], similar measurements on
MnSb2Te4 reveal substantial antisite disorder between
Mn and Sb 6c sites [37, 38], resulting in two Mn sublat-
tices. The delicate energy-scale competition was demon-
strated in a recent study on MnSb2Te4 [38]. While these
two Mn sublattices always couple antiferromagnetically,
in samples with slightly lower antisite disorder, each Mn
sublattice orders antiferromagnetically; in samples with
slightly higher antisite disorder, each Mn sublattice or-
ders ferromagnetically.
Compared to MnBi2Te4, the members with n ≥ 2 has
extra spacer [Bi2Te3] layers and thus much larger Mn-
2Mn interlayer distances. Therefore, the AFM and FM
ground states can be closer in energy, so these high n
members are more sensitive to perturbations. Indeed, a
recent study shows 30% of Sb doping makes MnBi6Te10
FM [39]. However, due to the lack of intermediate doping
levels, it is unclear how the magnetism evolves from AFM
to FM in MnBi6Te10. Here we report a systematic study
of the effect of Sb doping on MnBi4Te7.
Method Single crystals of Mn(Bi1−xSbx)4Te7 (147
phase) with x ≤ 0.83 were grown using the flux method
[11, 12, 15]. The energy-dispersive-spectroscopy (EDX)
data show the ratio of the real Sb concentration to
the nominal Sb concentration is near 1.2 (Fig. 1(b)).
Throughout the paper, x is defined as the real Sb doping
level. Since each of the doped sample has a very nar-
row but different growth temperature window, to find
the sweet spot of the furnace, similar growth strategy to
the one for MnBi8Te13 was used [12]. Mn doped Bi2Te3
(023 phase) can intergrow with the targeted phase and
may mask the intrinsic properties. Therefore, extra care
were paid to select the best pieces for the study. First, x-
ray diffraction at low angles for both the top and bottom
(00l) surfaces were measured to select the ones without
the 023 phase on the surface. Then, a part of the se-
lected piece was ground for the powder x-ray diffraction
(PXRD) to further screen the samples without the 023
impurities. Finally, all measurements were performed on
the same piece. We found no significant piece-to-piece
variation in magnetic properties within each batch.
Results Both the PXRD and chemical analysis via
EDX indicate that Sb was successfully doped into
MnBi4Te7. Figure 1(a) shows the PXRD patterns for
various doping levels. All peaks can be indexed by the
147 phase. If there is significant 023 phase impurity, a
clear hump will appear at the left shoulder of the (104)
peak. As shown in the inset of Fig. 1(a), the 023 phase is
indiscernible or less than 5% if there is. With Sb doping,
the (005) peak roughly stays at the same angle while the
(104) peak shifts moderately and the (110) peak shifts
much to higher angles, indicating distinct in-plane and
out-of-plane lattice response to the Sb doping. Figure
1(b) shows the doping-dependent lattice evolution. The
lattice parameter a decreases linearly by 2% up to our
highest doping level x = 0.83 while the lattice parame-
ter c remains almost the same. This lattice evolution is
similar to Mn(Bi1−xSbx)2Te4 [36]. Ideally, Sb will just
substitute Bi. However, due to the formation of Mn/Sb
antisite [37, 38], Mn can occupy three different sites in
the 147 phase. We denote the Mn atoms occupying the
Mn site as Mn1 sublattice, the Mn atoms on the Bi site
within the SL layer as Mn2 sublattice, and the Mn atoms
occupying the Bi site in the spacer QL as Mn3 sublattice
[11]. Since x-ray diffraction is not the most sensitive to
the Mn/Sb site disorder, we could not get the detailed
antisite disorder information reliably and future single-
crystal neutron diffraction measurements are needed to
settle down this issue.
Figure 2 summarizes the temperature-dependent sus-
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Figure 1. (a) PXRD of Mn(Bi1−xSbx)4Te7 for the pieces for
which the data in the paper were collected. The peak posi-
tions of the 147 phase are mar. Inset: the zoom-in plot of
the (104) PXRD peak.(b) The doping-dependent relative lat-
tice parameters a/a0, c/c0 and nominal concentration xnominal
used in the growth. a0 and c0 are the lattkedice parameters
for MnBi4Te7.
ceptibility χ‖c with H‖c, electrical resistivity with the
current along the ab plane (ρxx) and c axis (ρzz), as well
as the specific heat Cp for various dopings. For the x = 0
compound, as shown in Fig. 2, at 12.7 K, a sharp cusp in
χ‖c and a kink in Cp are observed, signaling a phase tran-
sition from paramagnetic (PM) to AFM. Furthermore,
when it enters the ordered state at 12.7 K, the sudden
increase of ρzz and the drop of ρxx are indicative of the
gain of the spin-disorder scattering along the c axis and
the loss of spin-disorder scattering in the ab plane. These
distinct transport responses to the ordering indicate the
spins align parallelly in the ab plane but anti-parallelly
along the c axis. Indeed, this is consistent with the mag-
netic structure revealed by neutron scattering [15, 25].
For the x = 0.12 compound, in addition to a similar
sharp cusp at 12.8 K in χ‖c as in the x = 0 plot, a second
transition occurs at 6.0 K marked by a sudden increase
of χ‖c and a large bifurcation in the ZFC and FC data.
Associated with the transition at 12.8 K, ρzz increases
sharply and ρxx drops. These behaviors are analogous to
that in x = 0 sample, suggesting the A-type AFM be-
tween 12.8 K and 6.0 K. On the other hand, below 6.0
K, ρzz decreases sharply and ρxx shows a further slope
change in lowering, indicating the loss of spin-disorder
scattering along both the ab plane and the c axis and thus
an AFM to FM transition at 6.0 K. This behavior is sim-
ilar to the FM MnBi8Te10 [12]. While both phase transi-
tions are clearly observed in the magnetic and transport
data, only one specific heat anomaly shows up at 12.8 K.
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Figure 2. (a)-(d) For various doping concentration x, the temperature-dependent zero-field-cool (ZFC) and field-cool (FC)
magnetic susceptibility with H‖c (χ‖c, top panel), the temperature-dependent electrical resistivity (ρxx with the current along
the ab plane; ρzz with the current along the c axis, middle panel), the temperature-dependent specific heat Cp (bottom panel),
and the zoom-in plot of Cp near transition (inset). (e)-(h) For various doping x, the isothermal magnetization with H‖c where
c is the easy axis.
As shown in the zoom-in plot of Cp, no entropy release
is discernible at 6.0 K. Usually, ordered-to-ordered mag-
netic phase transition will not cause entropy release [40].
Therefore, all these data evidence an AFM-to-FM phase
transition of the Mn1 sublattice at 6.0 K upon cooling.
We note due to the missing entropy release at 6.0 K, this
phase transition is either unrelated to the Mn2 and Mn3
sublattices or the entropy release from PM to ordered
phase of the Mn2 and Mn3 sublattices is too weak to be
observed here.
For the x = 0.57 compound, it also has two phase
transitions as shown in χ‖c, marked as a cusp at 13.3 K,
a slope change at 10.2 K and a large bifurcation of the
ZFC and FC data at 10.2 K. Furthermore, just like that
in the x = 0.12 compound, upon cooling, the ρzz sharply
increases at 13.3 K and then strongly drops below 10.2
K while the ρxx shows two slope changes in decreasing,
indicating A-type AFM between 13.3 K and 10.2 K and
dominant FM coupling below 10.2 K. However, unlike
the case of x = 0.12, specific heat anomalies are observed
at both transition temperatures, as clearly shown in the
zoom-in plot. It is obvious that the entropy release at
13.3 K is much stronger than that at 10.2 K. Since it is
concluded from the x = 0.12 specific heat data that the
phase transition from AFM to FM of the Mn1 sublat-
tice will not release a discernible amount of entropy, the
clear but small entropy release at 10.2 K in the x = 0.57
compound must be associated with the PM to magnetic
ordering of the Mn2 and Mn3 sublattices.
For the x = 0.83 compound, only one phase transition
is observed at 14.5 K. Upon cooling, this phase transition
manifests itself at 14.5 K as a large bifurcation of the
ZFC and FC χ‖c, an increase of the FC χ‖c with a clear
slope change, a sharp drop of the ρzz and ρxx, as well as
a specific heat anomaly. The sharp decrease of both ρzz
and ρxx arising from the reduced spin-disorder scattering
along both the ab plane and c axis again indicates the
dominant FM coupling below 14.5 K, similar to that in
MnSb2Te4 with higher Sb/Mn antisite disorder [38].
While Figs. 2 (b)-(d) suggest dominant FM coupling
at low temperatures for the x = 0.12, 0.57 and 0.83 com-
pounds, to further identify how the three Mn sublattices
couple magnetically to each other, the isothermal magne-
tization data are measured. As shown in Figs. 2(e)-(h),
the saturation moment Ms right above the saturation
fields is 3.0 µB/Mn for x = 0, 2.8 µB/Mn for x = 0.12, 2.2
4µB/Mn for x = 0.57 and 1.9 µB/Mn for x = 0.83. The
data are summarized in Fig. 3(b) and we can see that
Ms decreases linearly with x. The Ms of the x = 0.12
compound is very close to that of the parent compound,
so the contribution of Mn2/Mn3 sublattices may be in-
significant. However, those of the x = 0.57 and 0.83 com-
pounds are way smaller. This is a sign of Mn2/Mn3 sub-
lattices coupled antiferromagnetically to the Mn1 sub-
lattice. That is, the ground state of the x = 0.57 and
0.83 compounds is ferrimagnetic with a FM Mn1 sublat-
tice, similar to the case in MnSb2Te4 with larger Mn/Sb
antisite disorder [38].
Furthermore, the envelope of theM(H) curves are non-
trivial. For the x = 0.12 compound, although we have
concluded that the x = 0.12 compound is FM based on
Fig. 2 (b), as the field sweeps from positive to nega-
tive, extra steps appear near 0 T in M(H). This makes
the curve a bow-tie shape and contrasts with a stan-
dard FM hysteresis loop. The bow-tie-shaped M(H)
can also be seen for the x = 0.57 sample at 2 K with
a much smaller step at 0.04 T. This behavior is not
unique to Mn(Bi1−xSbx)4Te7, similar curves have also
been observed in other systems with competing FM and
AFM order [41]. Meanwhile, at 12 K, M(H) data of
the x = 0.12 compound become that of a typical AFM
M(H) curve with a spin-flip transition. There is also
a tiny spin-flip transition near zero field in the x =
0.57 compound, but no such feature appears when x =
0.83. All these observations suggest partial AFM do-
mains could exist below Tc in the x =0.12 and 0.57
compounds with the overall FM ordering. This is an
indication of how close the energy scales of the FM and
AFM state are inside this family of compounds. We also
noted that the multi-step feature of the M(H) curve at
6 K for the x = 0.12 compound is reminiscent of that
of the MnBi6Te10 compound [12]. Following our afore-
mentioned discussion, this suggests small amount of FM
domains exist in the AFM state of MnBi6Te10. There-
fore, close energy scales of FM and AFM is universal
in the n ≥ 2 members of MnBi2nTe3n+1. This explains
why there are some controversies on the nature of the
ground states in MnBi4Te7 when different growth meth-
ods are used despite the first-principle calculations sug-
gest an AFM ground state [11, 42, 43]. This is all because
slight site defects are enough to tune the exchange energy
to surrender one and boost the other.
Discussion We constructed a doping-temperature
phase diagram of Mn(Bi1−xSbx)4Te7 (Fig. 3) based on
Fig. 2 and the magnetic/transport properties of a couple
more doped compounds [44]. The competition between
FM and AFM ground state of the Mn1 sublattice can
be clearly visualized. For x < 0.68, the Mn1 sublattice
undergoes a PM to A-type AFM at TN , followed by an
AFM to FM transition at Tc. There is no sign of mag-
netic ordering of the Mn2/Mn3 sublattices at x = 0.12,
as suggested by the specific heat data. At higher dop-
ings, the Mn2/Mn3 sublattices gradually become long-
range ordered below Tc and antiferromagnetically cou-
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Figure 3. Top: The doping-temperature phase diagram of
Mn(Bi1−xSbx)4Te7. CNP: charge neutrality point. Bottom:
(a): The doping-dependent Weiss temperature Θ and effec-
tive moment µeff with H‖ab. (b) The saturation moment Ms
with H‖c measured just above the saturation field and carrier
density calculated from Hall resistivity at 20 K.
pled to the Mn1 sublattice, resulting in a ferrimagnetic
phase transition at Tc. Furthermore, below x = 0.68,
TN remains unchanged at around 13 K with increasing
x. Meanwhile, Tc shows a greater Sb-doping dependence
where it quickly rises to 6 K near x = 0.12 and mono-
tonically increases to 13.1 K at x = 0.68 and then slowly
goes up to 14.5 K at x = 0.83.
Figure 3(a) summarizes the doping-dependent Weiss
temperature Θ and effective moment µeff obtained by
fitting the susceptibility data with H‖ab from 75 K to 300
K [44]. Upon doping, there is little change in µeff while
the Θ first remains almost the same up to x = 0.12, and
then linearly decreases to 6.0 K at x = 0.83. This non-
monotonic behavior further supports our picture of the
magnetic evolution in this doping series, i. e., Mn2/Mn3
sublattices are insignificant to the magnetism at x = 0.12
and then couples antiferromagnetically with Mn1 with
stronger extent at higher x, which leads to an unchanged
Θ at x = 0.12 and decreasing Θ at x > 0.12.
The emergence and enhancement of Tc with x suggest
that despite the unchanged Mn1-Mn1 interlayer distance,
Sb doping reduces the energy cost for the Mn1 sublattice
to go from the AFM state to FM state by weakening the
AFM exchange interaction along the c axis. This can
happen due to a combination of two mechanisms. One
is through magnetic dilution, i.e., the lowering of Mn
5occupancy on the Mn1 site caused by the increase of the
antisite disorder with Sb doping; the other is due to the
increasing coupling between the Mn1 and strengthened
Mn2/Mn3 sublattices which may further stabilize the FM
of the Mn1 sublattice.
Last but not least, Sb-doping is found to lower the elec-
tron concentration and eventually changes the carrier-
type from electron to hole. A linear fitting with our data
(Fig. 3(b)) yields a charge neutrality point near x = 0.45.
Conclusion The Mn/Sb antisite disorder in
Mn(Bi1−xSbx)4Te7 not only results in an electron-
type to hole-type carrier change at around x = 0.45, but
also progressively reduces the interlayer AFM exchange
interaction and thus results in an evolution of the ground
state from a heavily electron-doped Z2 antiferromagnet
to a hole-doped ferrimagnet with the charge neutrality
point around x = 0.45.
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